Antisense RNAII is a replication control element encoded by 37 promiscuous plasmid pMV158. RNAII binds to its complementary sequence in 38 the copG-repB mRNA, thus inhibiting translation of the replication initiator repB 39 gene. In order to initiate the biochemical characterization of the pMV158 40 antisense RNA-mediated control system, conditions for in vitro transcription by 41 T7RNA polymerase were set up that yielded large amounts of antisense and 42 target run-off products able to bind to each other. The run-off antisense 43 transcript was expected, and confirmed, to span the entire RNAII as 44 synthesized by the bacterial RNA polymerase, including the intrinsic 45 transcription terminator at its 3'-terminus. On the other hand, two different target 46 transcripts, mRNA 60 and mRNA 80 , were produced, characterized and tested for 47 efficient binding to the antisense product. The mRNA 60 and mRNA 80 run-off 48 transcripts supposedly spanned 60 and 80 nucleotides, respectively, on the 49 copG-repB mRNA and lacked terminator-like structures at their 3'-termini. 50
Introduction 69 70
Understanding the mechanistic basis that underlie inter-or intra-71 molecular RNA interactions requires precise information on the actual sequence 72 and dynamic secondary structure of the interacting RNA molecules or regions. 73
Chemical or enzymatic probing of paired and unpaired RNA regions provides 74 useful partial information on the most populated structural configurations, 75 although fails to reveal the actual base pairing patterns. Therefore, the 76 establishment of accurate RNA secondary structure models requires the 77 combination of probing experiments and computational predictions (Washietl et the prediction itself, the other being the sequence (and hence, the structure) of 96
5´-end labeling of RNA 172 173
RNAs (15 pmol) were dephosphorylated using calf intestinal alkaline 174 phosphatase (Promega) following the manufacturer's indications. Then, the 175 longest main RNA species were isolated from 12% PAA sequencing gels, 176 extracted with phenol/chloroform and chloroform, and ethanol-precipitated, 177 previous to the labeling of their 5´end with T4 polynucleotide kinase (PNK) (New 178
England Biolabs) and [- Inactivation/Precipitation buffer (Ambion) (as described by the manufacturers). 228
The RNA samples were precipitated and dissolved in 2 l of sterile water plus 5 229 l of loading buffer (95% formamide, 18 mM EDTA, 0.025% each of SDS, 230 xylene cyanol and bromophenol blue). 231
When cleavage was induced by Pb 2+ ions, 3 mM lead acetate (Sigma 232 Aldrich) was used at 37ºC for 1 min. Reactions were stopped by adding 100 233 mM EDTA, and the RNA samples were precipitated and treated as described 234 previously for enzymatic digestions. A control of untreated RNA was always 235 included to detect unspecific cuts on the RNA samples.
To detect the cleavage positions, the samples were denatured at 90ºC 237 for 3 min, and products were separated on high resolution denaturing 15% PAA 238 gels. Electrophoresis was carried out in TBE buffer at a constant 45 W for 2 h. 239
To determine the structure near the 3'-end of RNA, 8% PAA gels were used 240 and the running time was extended to 4-5 h. Cleavage positions were identified 241 by running in parallel RNase T1, RNase V1 and alkaline ladders. Chemical and 242 enzymatic cleavage products other than those arising from digestion with 243 RNase V1 contain 3'-phosphate ends, and hence their electrophoretic mobility 244 was referred to the T1 ladder. On the other hand, the V1 ladder was used as 245 reference for migration of the 3'-OH products arising from RNase V1 digestion. 246
After electrophoresis, gels were dried and images of radioactive bands were 247 visualized and quantified using the storage phosphor technology, with the aid of 248 a FLA-3000 (FUJIFILM) imaging system and the Quantity One software (Bio-249
Rad). 250
The results of the chemical and enzymatic cleavage of the RNAs were 251 
3'-RACE-PCR 264
To analyze the frequency of the different 3'-extended mRNA 60 and 265 mRNA 80 species, a rapid amplification of cDNA ends was performed. The first 266 stage was the production of cDNAs with a known "anchor primer" sequence 267 Gold polymerase (applied Biosystems) to amplify specific sequences from the 277 pool of cDNAs using the gene specific primer 3'-RACE mRNA-F (5'-278 GGATAAAAAAAGCCGTGCT-3') and the anchor primer 3'-RACE mRNA-R (5'-279 ATTGATGGTGCTACAG-3') that anneals at the 3'-end incorporated in the first 280 stage. The PCR products were re-amplified using the same PCR conditions. 281
Gene-specific 3'-RACE products were purified from 10% PAA gels as described 282 previously for RNA. 283 284
Cloning of 3'-RACE products 285
Purified DNA molecules were cloned into pGEM-T Easy Vector 286 1 and 2A) . In turn, the in vitro synthesized mRNA 60 and mRNA 80 targets 311 supposedly spanned 60 and 80 nucleotides, respectively, on the copG-repB 312 mRNA, starting at the position 5'-adjacent to the copG gene stop codon (Fig. 1) . 313
The theoretical 3'-end of mRNA 60 was located 5 nt upstream from the start 314 codon of the repB gene, whereas that of mRNA 80 corresponded to the first 315 position of codon 6 of repB. Therefore, both mRNA 60 and mRNA 80 comprised 316 the entire sequence complementary to antisense RNAII (Figs. 1, 3A and 4A). 317
We chose to produce transcripts of the copG-repB intergenic region as targets 318 of RNAII because their structure might best resemble that of the actual target in 319 vivo, where the absence of translation through this region would allow the local 320 secondary structures to persist in the growing mRNA. 321 followed by a GC-rich stable hairpin and a 3' poly(U) tail, the latter two elements 329 constituting the intrinsic transcription terminator (Fig. 2A) . 330
On the other hand, the run-off target transcripts, mRNA 60 and mRNA 80 , 331 were predicted to share the structure of their common 5'-moieties and to differ 332 in their 3'-termini (Figs. 3A and 4A ). The predicted structure of both mRNA 333 targets consisted of a hairpin complementary to the single one in RNAII 334 preceded by an A-rich 5' tail. Whereas the 3'-terminus of mRNA 60 was predicted 335
to be exclusively single-stranded, that of mRNA 80 theoretically contained a 336 rather long although weakly base-paired hairpin (ΔG = -6.0) involving the 337 sequence complementary to the 5'-terminus of RNAII (Figs. 3A and 4A) . preceded by an A-rich single-stranded 5' tail that was the counterpart of the U-365 tract of the RNAII intrinsic terminator. In contrast, the structure inferred for the 366 3'-region of either target transcript diverged substantially from the predicted 367 one, and showed a double-stranded 3'-terminus that involved all the extra 368 nucleotides of each actual RNA (Figs. 3B and 4B) . Notably, nucleotides 45 to 369 57 of mRNA 80 , which were located in the 5'-arm of a hypothetical hairpin in the 370 expected transcript (Fig. 4A) , appeared as single-stranded in the actual RNA 371 product ( Fig. 4B and C) . The contrary was seen in mRNA 60 , wherein 372 nucleotides 45 to 50, which were expected to be unpaired (Fig. 3A) , proved to 373 be double-stranded ( Fig. 3B and C) . It is worth noting that the sequence 374 between residues 45 and 50, whose conformation in either of the actual target 375 transcripts differed from that expected, is complementary to the 5'-end of 376 antisense RNAII (Figs. 3 and 4) . 377 378
Analysis of the self-priming mechanism for longer-than-expected product 379 synthesis and structure of the actual target transcripts 380 381
To gain information on the variety and relative abundance of the target 382 RNA species arising from in vitro transcription, the purified main products were 383 characterized by cloning and sequencing of the 3'-RACE products (see 384
Materials and methods). 385
Nucleotide sequence analysis of the 3'-RACE products cloned in 10 386 individual transformants of the mRNA 80 cDNA library indicated that the vast 387 majority of the transcripts would contain the 3'-extra sequence 5'-CCAUAAA-3', 388 which could be inferred from every colony. Moreover, about 50% of the 389 transcripts would also contain an additional G at the 3'-end, as inferred from the 390 sequence of 5 out of the 10 colonies analyzed (Table 1) . The length of this extra 391 sequence (7-8 nucleotides) was consistent with the 3'-extension found by 392 chemical and enzymatic probing of the mRNA 80 main products (Fig. 4B) . These 393 longer-than-expected products resulted most likely from the known RNA-394 dependent RNA polymerase activity of T7RNAP on inter-or intramolecular self-395 primed run-off transcripts of the correct size (Cazenave and Uhlenbeck, 1994; 396
Triana-Alonso et al., 1995). Taking into account the sequence of the expected 397
mRNA 80 transcript, we propose two alternative self-priming processes, either by 398 intramolecular hairpin or by intermolecular dimer formation, leading to the 3'-399 overextended sequence found in the actual in vitro transcription products ( Table  400 1). 401
The nucleotide sequence of the 3'-RACE products derived from mRNA 60 402 was analyzed in 25 individual clones of the corresponding cDNA library ( Table  403 1). About 30% (8 out of 25) of the colonies arose from the correct run-off 404 transcript without any 3'-extra sequence. The rest of the colonies arose from 405 transcripts harboring one (13 out of 25) or two (4 out of 25) extra C at their 3'end (Table 1) . These results contrasted with those obtained in the experiments 407 of direct sequence and structure probing of the mRNA 60 transcripts, where the 408 main products were populated with 10-11-nt longer-than-expected RNA species 409 (Fig. 3B ). These differences are unlikely to arise from discarding of the shortest 410 RNA species during the purification that followed labeling of the transcription 411 products (a missing step when performing RACE and subsequent cloning), 412 since the purified transcripts represented the vast majority of the total products. 413
It rather seems that non-or barely-extended mRNA 60 transcripts might be 414 overrepresented among the templates for 3'-RACE, most likely due to the 415 previously reported RNA ligase-dependent bias in small RNA representation in 416 cDNA libraries (Hafner et al., 2011) . Be that as it may, alternative inter-or 417 intramolecular self-primed mRNA 60 template molecules can be proposed based 418 on both the sequence of the 3'-end of the correct run-off transcript (Fig. 3A) and 419 the first two extra residues suggested to be added according to the cDNA library 420 sequencing (Table 1) . Elongation by T7RNAP of either self-primed mRNA 60 421 template for 10-11 extra nucleotides would give rise to a longer-than-expected 422 transcript of the observed size having a G residue in position 68, as supported 423 by enzymatic probing of its sequence (see T1 ladder in Fig. 3B) . 424
Computer predictions of the secondary structure of the inferred actual 425 mRNA 60 and mRNA 80 transcripts were supported by chemical and enzymatic 426 probing; that is, all the predicted single-and double-stranded sequences of 427 either target mRNA were actually confirmed by structure probing (Figs. 3B, 3C , 428 4B and 4C). Hence, mRNA 60 and mRNA 80 main species were each shown to 429 finish in a hairpin generated by pairing between the extra nucleotides and those 430 located in the expected 3'-terminus of the correct run-off transcript (Figs. 3C  431 
and 4C). 432
The results obtained throughout this work from in vitro transcription 433 experiments aimed to yield significant amounts of the antisense and target 434
RNAs of the pMV158 replication control system, show that run-off transcripts of 435 the expected size were only synthesized when the 5'-terminus of the template 436 DNA included an intrinsic terminator, as was the case with antisense RNAII. 437
The expected transcripts were also obtained when synthesizing antisense-RNA 438 mutants that, in spite of having sequence changes in either the stem or the loop 439 of the terminator hairpin, maintained a stable secondary structure (not shown).
Contrarily, transcripts lacking an intrinsic terminator structure at their 3'-end 441 were over-elongated by the RNA-dependent RNA polymerase activity of 442 T7RNAP upon self-priming of the correct run-off products. The presence of a 443 long although weakly paired hairpin in the 3'-terminal region of the correct 444 mRNA 80 transcript (Fig. 4A) did not prevent generation of the longer-than-445 expected products. These results agree with previous observations showing 446 that only primed RNA templates that cannot form stable secondary structures at 447 the 3'-end are converted into longer-than-expected products, whereas those 448 forming stable hairpins are not (Triana-Alonso et al., 1995) . complementarity (2-4 base pairs) between residues located at the 3'-end and 1-471 8 nts apart from it seems to suffice for the mRNA 60 and mRNA 80 transcripts to 472 form primed templates that will be elongated by T7RNAP (Table 1) . 473 Interestingly, the 3'-terminal AG of the correct mRNA 80 run-off transcript iscomplementary to two additional CU dinucleotides that are farther from the 3'-475 end than the one used to generate the primed template (Fig. 4C) . However, 476 mRNA 80 priming by these alternative base-pairings, if occurs, does not succeed 477 in yielding the longer-than-expected products. The fact that, in both mRNA 60 478 and mRNA 80 , priming is achieved by as few as 2-4 base pairs between residues 479 at the very 3´-end and a few nucleotides away rather suggests that the process 480 occurs via intramolecular hairpin, so that complementary regions spaced by a 481 small 'loop' cause the transcript to fold back on itself forming a short hairpin. 482
Elongation of the primed RNA templates by T7RNAP would convert these short 483 hairpins into longer stable secondary structures with GC-rich upper stem 484 regions and AU-rich lower stems (Figs. 3C and 4C ). These terminator-like 485 structures would promote disruption of the elongation complexes (Triana-Alonso 486 et al., 1995), hence leading to the release of the longer-than-expected target 487
transcripts. 488
We have found that generation of the longer-than-expected mRNA 60 and 489 mRNA 80 products was the main source of unpredictability in assigning the 490 actual sequence and structure of the run-off transcripts synthesized in vitro by 491 T7RNAP. In fact, once the sequence of the actual transcripts was provided, the 492
Mfold program accurately predicted their structure (Figs. 3C and 4C) . (Fig. 4C) , whereas that of actual mRNA 60 was partially 500
base-paired to the extra nucleotides, forming the AU-rich lower stem of a rather 501 stable hairpin (ΔG= -15.6; Fig. 3C ). As it has been previously mentioned, this 502 contrasted with the structure predicted for the respective expected target 503 transcripts (Figs. 3 and 4) . 504
Since the accessibility of the mRNA target regions complementary to the 505 single-stranded sequences of RNAII might be critical for binding of both RNAs, 506 it was interesting to test the efficiency of binding of the antisense RNA to each 507 target transcript. This was performed by determining both the rate of RNA-RNAcomplex formation and the target concentration that yields half-maximal binding 509 of antisense RNAII under the experimental conditions employed (see Materials 510 and methods). The results (Fig. 5) showed that both mRNA targets could bind 511 efficiently to the antisense RNA, irrespective of whether the sequence 512 complementary to the 5' tail of RNAII was totally or partially single-stranded. 513
Therefore, the presence in mRNA 60 of the 3'-terminal hairpin generated by the 514 over-extension of the run-off transcript is shown here not to preclude RNAII 515 binding. It should be noted, however, that mRNA 80 is about three times more 516 efficient than mRNA 60 in binding to RNAII, as shown by the lower concentration 517 of free mRNA 80 required to reach half-maximal binding of the antisense RNA, 518
and by the higher association rate constant obtained when this target is used 519 (Fig. 5C ). This moderate difference in binding efficiency suggests that seizing of 520 the sequence complementary to the 5'-terminus of RNAII in a stable structure of 521 the target RNA (Fig. 3C ) may impair to some degree the RNA-RNA interaction. 522
Be it as it may, the copG-repB mRNA sequence complementary to the 5'-moiety 523 of RNAII is not predicted to be involved in such a stable hairpin either in the 524 growing or in the complete mRNA molecule (not shown), and the less stable 525 stem-loop formed temporarily in the theoretical mRNA 80 would be unfolded by 526 the ribosomes reading repB. 527 528
Conclusions 529 530
Folding models for antisense RNAII and its mRNA 60 and mRNA 80 targets 531 were established by combining computational predictions of thermodynamically 532 stable RNA secondary structures, sequence and structure probing of the 533 transcripts, and cDNA library sequencing analyses. 534
In vitro synthesis of large amounts of these medium-size RNAs by 535 T7RNAP-mediated run-off transcription resulted in full-length or longer-than-536 expected products depending on whether the expected transcripts harbored, or 537 not, intrinsic terminator-like structures, respectively. Longer-than-expected 538 products finished at a 3'-terminal quite stable hairpin, which was generated 539 during extension of self-primed run-off transcripts by T7RNAP, and resembled 540 intrinsic transcription terminators. Providing that the actual sequence of the 541 transcript products was known, the Mfold program successfully predicted the 542 secondary structure of the RNAs. Seizing of target RNA sequences 543 complementary to the 5'-terminus of RNAII in stable hairpins generated by over-544 extension of the transcripts seemed to impair binding to the antisense RNA to 545 some extent, although did not prevent the interaction between both RNAs. 546 547 Acknowledgments 548
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